Abstract-Chemical looping combustion is a proposed process for heat or power generation with integrated carbon dioxide separation, using solid oxygen carrier particles. The circulation rate of the oxygen carrier particles is a crucial parameter in the operation of the system, but is difficult to measure. This work reports on the investigation of applying a microwave Doppler sensor approach for monitoring the flow of solids in part of a chemical looping combustion system, the L-valve, which typically has a dense bed of particles with intermittent movement horizontally.
INTRODUCTION
Chemical looping combustion (CLC) systems provide a way to use fossil fuels to produce heat and power while yielding an exhaust consisting almost entirely of carbon dioxide and water vapor. The water vapor is readily condensed and the carbon dioxide can then be injected into wells, obviating release into the atmosphere. Figure 1 shows the geometry of a CLC system in research use at NETL [4] . Oxygen carrier particles, typically metal oxides, are circulated between two reactors. In the air-side reactor the particles are oxidized through reaction with air; in the fuel-side reactor the particles are reduced by reaction with the fuel. The product gas stream from the fuel reactor contains mostly carbon dioxide and water vapor. CLC systems under development operate at temperatures exceeding 1000°C [1] [2] [3] . The circulation rate (mass of oxygen carrier particles per unit time) is a crucial parameter in the operation of the reactor, largely controlling both heat transfer and chemical reaction processes, and is not easily measured.
We have previously studied microwave Doppler sensing for measurement of the mass flow rate of the dilute particulate flow in the upper crossover [5] . In this work we explore microwave Doppler sensing in the L-valve. In this component the particles form a dense mass that undergoes a sliding or intermittent wavelike flow. We report here a preliminary study in a cold flow system with HDPE particles that simulates the flow conditions that prevail in a chemical looping reactor.
II. MICROWAVE DOPPLER SENSING OF DENSE FLOWS Consider a single spherical particle moving at a velocity v.
A microwave beam incident at an angle θ relative to the velocity vector is reflected with a frequency shift Δf 
where f is the frequency and c is the velocity of light. The reflected power (scattered back to the transmitter) is proportional to the scattering cross section. When the particle radius r is small compared to the wavelength λ the Rayleigh scattering approximation is valid, that is, the scattering cross section is given by where n is the index of refraction of the particle. When there are many particles in an optically thin, dilute flow, the reflected power from all the irradiated particles can be summed, that is incident scattering reflected
where N is the number of particles in the irradiated volume. The power reflected to a receiver will also be dependent upon the scattering direction and area of the receiver, which are effectively constant (given as b) for a remote receiver.
Theory suggests that the reflected power depends monotonically on particle density only below 10-15% fractional volume [6] . However when the particles are relatively dense, the scattered power is no longer linear in the number of particles. This is in part because the reflected microwave energy is radiated from an induced electric dipole, with an electric field that extends approximately a particle diameter from the particle surface, so that close particles no longer radiate independently. Additionally, the irradiated volume is likely to become optically thick, adding multiple scattering to the complexity. Liang et al. [6] , modeling scattering in remote sensing of snow, found in the worst case the reflected power estimate is low by at most an order of magnitude, and is most accurate for both very dilute and very dense conditions. Using equations 1-3, with a refractive index of 1.5 (relative permittivity of 2.26) for the 0.81 mm diameter HDPE particles, and assuming the dense flows observed in the L-valve tests to be 60% solids by volume, we estimate the scattering of microwave energy in traversing the entire bed thickness to be about 3%. As a result the entire bed contributes to the reflected energy, not just the top layer. Figure 1 also shows the experimental arrangement for the Doppler sensing experiments. A 24 GHz microwave beam is launched by a horn oriented at about θ = 38 degrees with respect to a flow tube 50 mm inside diameter, which is the horizontal portion of the L-valve of the cold flow system (see inset). A flow of 0.81 mm diameter HDPE particles was driven by injected air. The air flow into the upper aeration port of the Lvalve was humidified by passing through a bubbler to reduce static electricity effects within the cold flow system. In the Doppler system previously described [5] the reflected microwave signal is mixed with the local oscillator and the detected signal is sampled at 10 kHz and digitized. The particle flow in the sensed part of the L-valve was also observed and recorded using a high-speed camera operating at 500 frames per second. Both data acquisition tasks were triggered so that the Doppler and camera data could be temporally aligned. Video and Doppler data sets were approximately 20 seconds in duration.
III. EXPERIMENT
During operation of the cold flow chemical looping system, the horizontal section of the L-valve is aerated to drive HDPE particles from the fuel reactor to the air reactor. The particle movement occurs in a wave-like manner at somewhat irregular intervals. Between waves of motion, virtually all particles are stationary, except for a thin layer on the top surface. Operation conditions were defined by the motive air supplied to the Lvalve, which includes the sparger air, lower aeration input and upper aeration input as depicted in Fig. 1 . For each test, the air reactor was initially completely empty with the entire solids inventory located in the fuel reactor and loop seal. As motive air was supplied, solids moved across the L-valve into the air reactor. Pressure drop across both the fuel reactor and air reactor were monitored simultaneously until solids transport ceased. The reactor pressure drop, from the bottom of the reactor particle bed to the freeboard (open space above the particle bed), is a function of the mass of particles in the bed. The results discussed later in this paper pertain to an operating condition controlled with the sparger air at 40 SLPM, lower aeration at 10 SLPM and upper aeration at 5 SLPM. The cold flow control system data collection rate is 10 Hz.
From the reactor pressure drop data, the solids transport rate can be estimated with respect to time from the following relation dt dp
where m is the mass of particles in the bed, A is the crosssectional area of the reactor bed and g is acceleration due to gravity [4] . The video data from the camera was analyzed to extract a measure of number of particles visible in the frame and an average velocity. The number of particles was determined through image processing by performing a threshold function and counting the number of features satisfying a particular size criterion. Then a 2D cross-correlation was calculated from a 100 × 100 pixel region in two sequential frames. The shift corresponding to maximum cross-correlation is proportional to the velocity of the particles. Figure 2 shows a frame with superimposed velocity vectors corresponding to two 100 × 100 pixel domains. Figure 3 presents data obtained from the microwave Doppler system correlated with information extracted from the highspeed camera. The bed pressure drop measurements indicated an average solids flow rate of 0.08 kg/s during this video measurement period. The top trace shows the raw data from the Doppler system. The detected Doppler signal is roughly constant between periods of short transients. These short transients correspond to "waves" of particle motion, as evidenced by the second trace which shows a measure of the total number of particles visible in the camera field, which tend to fill the pipe during the wave movements. The third trace shows the velocity along the tube axis extracted from the video frames. There are two superimposed traces from the two 100 x 100 pixel regions, showing that substantial mass of the particles have essentially the same velocity. The velocity is negative (toward the left in Fig. 2) . Finally, the bottom trace shows a short-time Fourier transform (STFT) of the detected Doppler data, processed in chunks of 512 samples. The vertical (frequency) axis has been scaled using Eqn. (1) so that it represents the magnitude of the velocity. The extracted Doppler velocity corresponds well to the velocity determined from analysis of the video images. The second data set, shown in Fig. 4 , was during a period with a lower average solids flow rate of 0.035, calculated from the bed pressure drop data. This is consistent with the bulk intermittent movement of the material occurring at a lower frequency.
These results show that microwave Doppler is able to sense the intermittent motion of particles that occurs in the L valve in this cold-flow system. It may also be possible to extract a measure of the total mass flow of particles; however this will require correction for the dense particle flow in the L-valve, and minimization of stray reflections. The intermittent flow observed both by the microwave Doppler sensor and the video is not observed in the flow rate determined from the bed pressure drop data, likely because of the physical mixing which occurs in both the fuel reactor and the air reactor beds. 
IV. CONCLUSIONS
We have applied microwave Doppler sensing to the characterization of a dense, intermittent flow present in a cold flow chemical looping reactor model. The Doppler measurements reliably detect the intermittent motion observed in the corresponding video data, and the extracted velocity is in good agreement with that observed optically. The intermittent motion is not observed in the reactor bed pressure drop data, likely due to the slower data rate and physical averaging. With appropriate hardening for the harsh conditions, the microwave Doppler sensor could provide valuable insight into the operating condition of a high temperature CLC system.
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